Objective Platelets have been implicated in cancer metastasis and prognosis. No population-based study has been reported as to whether preoperative platelet count directly predicts metastatic recurrence of colorectal cancer (CRC) patients. Design Using a well-characterized cohort of 1,513 surgically resected CRC patients, we assessed the predictive roles of preoperative platelet count in overall survival, overall recurrence, as well as locoregional and distant metastatic recurrences. , P log rank = 1.1×10 −11
Introduction
Colorectal cancer (CRC) is a leading cause for cancer incidence and mortality in the USA in 2011 [1] . Despite the recent improvements, our understanding of CRC prognosis and metastasis remains limited [2] . Up to 50 % of stage II and III CRC patients develop recurrence after radical surgery [3] [4] [5] [6] . Over half of the recurrent patients have distant metastasis, which accounts for 90 % of CRC-related deaths [7, 8] . To further develop predictors of CRC survival and metastasis has important clinical significance.
The mechanisms of cancer metastasis have been extensively studied but still remain elusive. A typical simplification is that metastasis follows an orderly sequence of events, including intravasation of the surrounding tissues, tumor cell dissemination into and extravasation from the circulation system, and metastatic colonization in distant organs [8] [9] [10] [11] [12] . During this invasion-metastasis cascade, the dissemination of malignant cells into blood and their transportation play a pivotal role through involving a wide spectrum of blood-related cells such as platelets, lymphocytes, macrophages, and mast cells, as well as other nonblood-related cells [11] . Of the many blood cells linked to metastasis, platelets have been relatively well studied. Platelets facilitate metastasis through mediating disseminated tumor cell survival in the circulation system, extravasation, and angiogenesis in the microenvironment of target sites [13] [14] [15] [16] [17] . A recent study reported that the interactions between platelets and tumor cells augment metastasis by promoting epithelial mesenchymal transition (EMT) [18] . Having a clinically high level of platelets is called thrombocytosis. This condition has been associated with advanced stage and death for several malignancies including CRC, although with mixed results [19] [20] [21] [22] [23] [24] [25] [26] . Moreover, to the best of our knowledge, no study has been reported on the association between preoperative platelet count and cancer metastasis. In this study, based on a large and well-characterized hospitalbased CRC patient cohort, we comprehensively evaluated the association of preoperative platelet count with the prognosis of CRC patients who underwent surgical resection.
Patients and Methods

Study Population
Subjects in this study were identified from a hospitalbased cohort of histologically confirmed CRC patients who visited the Kimmel Cancer Center at the Thomas Jefferson University Hospital from 1990 to 2010. There are a total of 5,106 patients in this cohort. For this study, we selected CRC adenocarcinoma patients who were surgically treated and had at least one platelet count measurement taken within 1 month before surgery. Finally, 1,513 patients with an average follow-up time of 54.0 (standard deviation [SD], 39.9) months were selected based on these criteria and after excluding three Hispanic patients and one patient with unknown tumor grade (Fig. 1) . All the 1,513 patients had complete data on survival status and were included in the analysis for overall survival. Next, after excluding 672 patients with unknown recurrence status and 62 patients who were never disease-free after surgery, we retained 779 patients with an average followup time of 40.8 (SD, 37.0) months for the analysis of overall recurrence. Among the 779 patients, 679 patients were included in the analysis of locoregional recurrence (LRR), and 710 were included in the analysis of distant metastatic recurrence (DMR) (Fig. 1 [30, 31] . The associations between platelet count and patient outcomes were estimated using hazard ratio (HR) and 95 % confidence interval (95 % CI) calculated by multivariate Cox proportional hazards model adjusting for age, gender, ethnicity, smoking status, drinking status, primary tumor site, tumor stage, tumor grade, chemotherapy, and radiation therapy, where appropriate. The results of the main effects analyses were internally validated using the bootstrap resampling method [27] . A total of 500 bootstrap samples were generated for each analysis. Each time a bootstrap sample was drawn from the original dataset and the P value for the analysis was calculated. The number of times with a P value<0.01 was counted. Survival curves were constructed using the Kaplan-Meier method and compared using the log rank test. Interaction analysis was performed by adding an interaction term in the Cox regression model. Dose-dependent effects of platelet count on CRC outcomes were analyzed using fractional polynomial regression model adjusting for all the host variables. Time-dependent analyses of platelet count and long-term outcomes after surgery were conducted using flexible parametric modeling framework that analyzes the interaction between platelet count and time and thus confers a time-dependent effect to platelet count. Under this framework, platelet count was modeled as a time-dependent variable and HRs were estimated as functions of time and platelet count while adjusting other non-time-dependent host variables. SAS (Version 9.2, SAS Institute, Cary, NC, USA) and STATA (Version 11.0, STATA Corp., College Station, TX, USA) software packages were used for these analyses. All P values were two sided. P≤0.05 was considered the threshold of statistical significance.
Results
Characteristics of Study Population
A total of 1,513 CRC patients were included in this study, with an average age of 64.9 (SD, ±13.6) years. The distributions of demographic and clinical variables are summarized in Table 1 . Most patients were Caucasians (76.7 %) with a primary tumor site in the colon (70.5 %) and a moderately differentiated tumor grade (66.3 %). There was a relatively even distribution of males and females (48.6 vs. 51.4 %), never smokers and current or previous smokers (48.8 vs. 46.0 %), as well as never drinkers and current or previous drinkers (44.1 vs. 48.5 %). Over half of the patients had early stage disease (stage 0, I, or II, 57.2 %) or did not receive chemotherapy (56.3 %) or radiation therapy (82.4 %). During a median follow-up duration of 46.7 (range, 19.6-84.7) months, 624 (41.2 %) patients died. Among the 1,513 patients, 672 (44.4 %) patients had unknown recurrence status and 62 (4.1 %) patients were never disease-free after surgery and were excluded from the recurrence analysis. The remaining 779 patients with recurrence status were included for the analysis of overall recurrence. Among them, 20.7 % developed recurrence, including 61 patients with LRR, 92 patients with DMR, and 8 patients with unknown recurrence type ( Table 1 ). The distributions of the average values of platelet count measured within 1 month before surgery by host characteristics were also summarized in Table 1 . Significantly different distributions of platelet count were observed for almost all the variables (P values ranged from <0.0001 to 0.053). We observed a significant trend of increasing average platelet count along with the increase in tumor stage (238.8, 249.0, 275.3, 281.9, and 316.8×10 −9 /L for stage 0, I, II, III, and IV, respectively) 
The Associations of Preoperative Platelet Count and CRC Outcomes
The associations between preoperative platelet count and CRC clinical outcomes (overall survival, overall recurrence, LRR, and DMR) were estimated using multivariate Cox proportional hazard model adjusting all host variables (Table 2) . Since platelet has a high turnover (~10 11 platelets are produced by an adult each day) and fluctuates under different pathological conditions [28, 29] , to minimize chance findings, we conducted the analyses by testing the average, maximum, and minimum values of multiple measurements of platelet count within 1 month before surgery. (Table 2) . We also conducted an internal validation by conducting 500 bootstrap resampling and calculated the number of times that the bootstrap P value was <0.01 (Table 2) . Consistent with the main effects analyses, bootstrap analysis using thrombocytosis determined by the maximum platelet count resulted in more than 90 % of times with a P<0.01 for both overall survival and DMR analyses, SEM standard error *P value for comparison between NR and total recurrence; **P value for LRR and no recurrence; ***P value for DMR and no recurrence; ****P value for LRR and DMR a Platelet counts were based on the average value measured within 1 month before surgery b Platelet counts were based on the average, maximum, or minimum value measured within 1 month before surgery (Table 2) . Kaplan-Meier curves and log rank tests also indicated that the maximum value of platelet count had the best discriminative capacity of patient outcomes. As shown in Fig. 2 , all three tests indicated a significant difference between the thrombocytosis and the normal groups: thrombocytosis determined using the maximum value resulted in the highest discrimination in the analyses of overall survival (log rank P=1.1×10 −11 ), overall recurrence (log rank P=0.003), and DMR (log rank P=2.6×10 −6 ) (Fig. 2e, f , and h, respectively). Similar but attenuated effects were observed in the analyses by the average (Fig. 2a, b , and d, respectively) or the minimum value (Fig. 2i , j, and l, respectively). Also in line with the Cox analysis results, thrombocytosis had a nonsignificant protective effect on LRR when determined by the average (log rank P=0.131), maximum (log rank P= 0.152), or minimum (log rank P= 0.112) platelet count value (Fig. 2c , g, and k, respectively).
Dose-Dependent Effects of Preoperative Platelet Count on CRC Outcomes
For all subsequent analyses, we used the maximum platelet count value which appeared to have the best predictive capacity. In addition, the analyses were restricted to overall survival and DMR that were validated by bootstrap resampling. The analyses in Table 2 were conducted based on a clinically determined cut-off (400×10 9 /L) that separated the patients into high and normal groups. We further evaluated whether the effects were dose dependent using a fractional polynomial regression model [30] . For both overall survival and DMR analyses, we noticed an apparent trend of increasing HRs along with increasing platelet counts ( Supplementary Fig. 1 ). The curve slope of the DMR analysis ( Supplementary Fig. 1A ) was steeper and the confidence interval was wider than the survival analysis ( Supplementary Fig. 1B) , likely due to the smaller number of patients in the DMR than the survival analysis (710 vs. 1,513).
Stratified Analyses of the Effects of Preoperative Platelet Count on CRC Outcomes
We conducted stratified and interaction analyses of the effects of the maximum value of platelet count on overall survival and DMR by all the host variables including age, gender, ethnicity, smoking status, drinking status, primary tumor site, tumor stage, tumor grade, chemotherapy, and radiation therapy. For both overall survival and DMR, a significant effect conferred by thrombocytosis retained in the majority of the stratified analyses (Supplementary Table 1 ). In the overall survival analysis, a significant interaction (P for interaction=0.038) was observed between maximum platelet count value and tumor grade. In the DMR analysis, significant interactions were observed between maximum platelet count value and gender (P for interaction=0.016) and drinking status (P for interaction=0.023) (Supplementary Table 1 ).
Distributions of Preoperative Platelet Count over Time Before Surgery
We then compared the maximum platelet count values measured within 1 month before surgery for each patient by different clinical outcomes. In line with the findings of the main effects analysis that high platelet count conferred unfavorable survival and DMR, we observed a significantly higher platelet count in deceased than living patients (P<0.0001, Fig. 3a , left panel) and in DMR than LRR (P=0.004) or NR (P<0.0001) patients (Fig. 3a,  right panel) . However, no significant difference was observed between LRR and NR patients (P=0.567) (Fig. 3a , right panel). These analyses using the maximum values were consistent with those using the average values (Table 1) . Furthermore, we assessed the distributions of seven time points of maximum platelet count over the period of 1 year before surgery and noticed a persistently higher level of platelet count in deceased than living patients (P=0.001, Fig. 3b , left panel) and in DMR than LRR (P <0.0001) or NR patients (P=0.0004) patients (Fig. 3b, right panel) . Consistently, there was no difference between LRR and nonrecurrent patients (P=0.979, Fig. 3b, right panel) .
Time-Dependent Effects of Preoperative Platelet Count on 5-Year CRC Survival and Metastatic Recurrence After Surgery
Finally, we analyzed time-dependent effects of preoperative platelet count on the 5-year overall survival and metastatic recurrence after surgery, using the flexible parametric modeling framework adjusting all major host variables (Fig. 4) . We found that the increased risk of death by preoperative platelet count persisted over the 5-year period, and the risk decreased over time and became nonsignificant (the lower limit of confidence interval reached 1) at about over 3 years after surgery (Fig. 4a) . The effects on metastasis also persisted over the 5-year period, but the risk increased over time after an initial U shape decrease at 15 months after surgery (Fig. 4b) . Although the confidence interval increasingly widened along with time which was mostly due to the smaller number of patients with longer follow-up, its lower limit did not reach 1 until approximately four and half years, indicating the observation remained statistically significant across most of the 5-year period (Fig. 4b) . These results were consistent with the main effects analysis and strongly corroborated the role of preoperative platelet count in predicting CRC prognosis, especially distant metastasis. 
Discussion
In this study, we evaluated the prognostic value of preoperative platelet count in surgically resected CRC patients. Our data converged on the conclusion that that thrombocytosis patients with a clinically high platelet count measured within 1 month before surgery had a significantly unfavorable overall survival and were more likely to develop distant metastasis after surgery.
Platelets are made from mature bone marrow megakaryocytes and play an important role in arresting hemorrhage after tissue trauma or vascular injury [31] . Abnormal platelet count is generally classified into primary thrombocytosis (thrombocythemia), which is commonly caused by myeloproliferative disorders, and secondary thrombocytosis (reactive thrombocytosis), which is commonly a result of external causes such as chronic inflammation, cancers, and surgery-related tissue damage [29, 32] . The abnormal platelet count observed in our study mainly refers to reactive thrombocytosis caused by CRC. Reactive thrombocytosis has been linked to the advanced stage, tumor aggressiveness, and prognosis in a few published retrospective studies of different malignancies with relatively small populations and mixed findings [19] [20] [21] [22] [23] [24] [25] [26] . Our results indicated that thrombocytosis determined by the maximum value of preoperative platelet count was a strong predictor of CRC clinical outcomes. The maximum value of platelet count was more conservative than the average value, since patients with only one test of abnormally high platelet count were defined as having thrombocytosis. In comparison, patients in the normal group were those who had persistently normal values of platelet count. The comparison between the results using the maximum and average value indicated that patients with only one test showing an abnormally high platelet count were at an increased risk of death and metastasis. The use of persistently normal platelet count to determine thrombocytosis has also been reported in studies to predict the prognosis of other cancers [21, 33] .
The most notable and innovative finding of this study is that high platelet count was significantly associated with distant metastatic, but not locoregional recurrence of CRC. Previous evidence has suggested that platelets play a prominent role in the process of cancer metastasis. For example, it was reported that disseminated tumor cells can induce platelet aggregation which promotes their survival in the circulation system by protecting and cloaking circulating tumor cells from physical damage and immune clearance [34, 35] . The formation of metastasis in distant organs essentially depends on the stimulation of growth factors and generation of neovessels. Various studies have demonstrated that platelet releasates such as platelet-derived growth factor, vascular endothelial growth factor, angiopoetins, and platelet-derived lysophosphatidic acid are major sources of growth factors supporting tumor growth and tumor microenvironment angiogenesis [36] [37] [38] . A recent animal study reported that direct platelet-tumor cell contact synergistically activates the TGFB/SMAD and NFKB pathways in colon adenocarcinoma cells, resulting in augmented EMT in tumor cells and subsequently enhanced metastasis [18] . Inhibition of these two pathways solely in platelets suppresses metastasis in vivo, indicating that platelet may be a potential intervention target for metastasis prevention [18] . However, despite the strong evidence from these basic studies, no hospital cohort-based epidemiological study has been reported to determine whether preoperative platelet count may directly predict the metastatic recurrence in cancer patients. In the present study, we demonstrated for the first time using a hospital cohort-based approach that preoperative platelet count was significantly associated with metastasis after surgery. Moreover, the lack of association between platelet count and locoregional recurrence (Table 2) further underscored the role of platelets in CRC metastasis, which was highly consistent with the findings of basic studies that platelets mainly function to promote the survival of tumor cells after they are disseminated into the circulation system. Another potentially important finding of this study was that the time-dependent effects of platelet count on CRC death and metastasis after surgery exhibited different patterns. The high risk for death conferred by high platelet count decreased over time after surgery (Fig. 4a) , but increased steadily for metastasis after a U shape decrease at 15 months after surgery (Fig. 4b) . Clinically, it is commonly recognized that the long-term risks of death and recurrence decrease with time after treatments, consistent with the result of Fig. 4a . However, patients might develop distant metastasis many years post-treatments [39] . It has been suggested that metastasis is an inefficient process during which a small set of disseminated cells may remain latent for an extended period but undergo genetic and epigenetic changes and interact with host microenvironments to stimulate tumor regrowth in distant organs [39] . Since platelets have been shown to interact with tumor cells to promote CRC metastasis [18] , it is worthwhile to further determine the longitudinal values of platelet count after surgery to identify time-dependent patterns that are consistent with the result of Fig. 4b . Additional longitudinal studies or clinical trials with extended follow-up are warranted to answer these questions.
There are several strengths of our study. Our study has a relatively large population with more than 1,500 CRC patients from a single institute. The analyses were restricted to platelet count measured within 1 month before surgery to minimize the influences of non-CRC causes on platelet count, because factors including surgery, chemotherapy, radiation therapy, or other major tissue damages may also affect platelet levels [40] . Furthermore, we analyzed platelet count of different time points over 1 year before surgery and obtained similar results (Fig. 3) . The study was focused on the comprehensive analysis of a single variable and, thus, did not have the multiple comparison issue. The findings were highly statistically significant in both the Cox regression and the log rank analyses with strict internal validation using bootstrap resampling, suggesting the possibility of false-positive findings unlikely. Our study also has limitations. We were not able to assess the effect of variability of platelet counts measured at different time points of individual patients on CRC prognosis. This limitation is mainly due to the fact that this study was based on a retrospective analysis of archived data but not a prospectively designed cohort, and thus, longitudinal data points were not available for each patient and not comparably distributed in different patients and different time points. Future studies with prospective and longitudinal patient populations are needed to address this issue and further confirm our findings. Also, the results of some stratified analyses had a limited number of patients and the results of those analyses should to be interpreted with caution. Collectively, our data, although statistically significant and biologically plausible, need to be further substantiated in more rigorous studies using large independent and prospective populations. In summary, we ascertained that preoperative platelet count independently predicted the overall survival and distant metastasis of CRC patients after surgery. Although platelet functions in cancer metastasis as suspected in basic studies, this is the first hospital cohort-based study suggesting that platelet count may directly predict the distant metastasis in CRC patients. Since clinically high platelet count has been reported to be present in up to 57 % of cancer patients, the finding of our study is significant at the population level [41] . Bootstrap validation suggested the findings are unlikely to be false positive, although additional validations using independent populations are still warranted. Preoperative laboratory blood tests of various clinical variables including platelet count are highly automatically and routinely used in CRC management. If our findings are validated, platelet count may serve as a costeffective and noninvasive marker that might be incorporated with other clinical variables to build up prediction models for CRC survival and metastasis. Meanwhile, platelets are not only merely a prognosis predictor, but also play an indispensable functional role in promoting cancer metastasis. Thus, it remains an important question as to whether reducing preoperative platelet counts can help prevent metastatic recurrence after surgery in CRC patients.
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